The tactile sensitivity of the teeth, and associated periodontium, serves important 30 sensory and motor functions. Microneurographic recordings from human periodontal 31 ligament mechanoreceptor (PDLM) nerves, in response to tooth loading, reveal 32 discharge patterns with sole SA II-type characteristics, highlighting the unique role of 33 PDLMs in oral sensory processes. Here, we investigate these receptors ' properties, 34 psychophysically and with neuroimaging (fMRI), in response to varying frequencies 35 of dynamic (vibrotactile) stimulation. The finding of increased activity in SI and SII 36 at low frequencies of stimulation (20 Hz), as compared with higher frequencies (50 37 and 100Hz), shows an increased entrainment of the PDLMs at this lower frequency, in 38 line with expected SA II-type response properties. At the highest frequency (100 Hz), 39 no significant activity was found in SI or SII suggesting this frequency is outside the 40 range of activity of PDLMs. An activation matrix is mapped that includes SI, SII, 41 insular, inferior frontal gyrus (IFG), inferior parietal lobe and SMA, as well as middle 42 frontal gyrus (MFG) and cerebellum. We compared the responses to tooth stimulation 43 with those produced by identical vibrotactile stimulation of the finger. The results 44 strongly suggests that the PDLMs play a significant role in the specification of the 45 forces used to hold and manipulate food between teeth, and in these respects the 46 masticatory system appears analogous to fine finger-control mechanisms used during 47 precision manipulation of small objects. Since fMRI reveals activations in posterior 48 insular cortex we also speculate that PDLMs, and SA II-type receptors in general, 49 may be involved in one aspect of the feeling of body ownership. 50 51 Ettlin et al., Miyamoto et al. showed a primary somatosensory response, with tooth 101 representation being located between that of the lip and tongue. 102
Introduction 52
Tactile sensory processing of forces applied to the teeth is important for the 53 perception of mechanical properties of food brought into the mouth and motor control 54 of mastication. Different mechanoreceptor types in the oral tissues and jaw muscles 55 provide information related to tooth load, with a central role being played by the 56 periodontal ligament mechanoreceptors (PDLMs) (Trulsson and Johansson 1996) . 57
These Ruffini-like nerve endings are located among the collagen fibres in the 58 periodontal ligament, attaching the root of the tooth to the alveolar bone (Byers 1985) . 59
Human periodontal mechanoreceptors adapt slowly to tooth loads and show response 60 properties similar to the slowly adapting type II (SA II) low threshold 61 mechanoreceptors (LTM) in the skin (Trulsson and Johansson 1996) . 62
In the early work of Penfield and co-workers (Penfield and Jasper 1954), 63 electrical stimulation of the brain was used to demonstrate a medial-lateral 64 representation of tactile sensation in the primary somatosensory cortex in humans. 65
The sites of the cortical representation of the upper lip, lower lip, tongue and intraoral 66 cavity of humans were later verified using sensory evoked potentials (McCarthy et al. 67 1993) . The contralateral and ipsilateral representation, in area 3b, of the intraoral 68 structures in squirrel monkeys has also been studied using microelectrode mapping 69 (Manger et al. 1995) . In an electrophysiological mapping study in primates, 70 stimulation of periodontal receptors (by light tapping of the teeth), stimulation of the 71 cutaneous and deep receptors in the face, and movements of parts of the face and 72 mouth, revealed an orderly progression of receptive fields from upper face to 73 ipsilateral teeth and tongue for neurons at successively more rostral recording sites 74 (Jain et al. 2001 ). The representations of separate parts of the face and mouth in area 75 3b corresponded to specific myelin-rich ovals, as determined by myeloarchitectonic 76 measures. The overall caudal to rostral sequence of the representation in lateral area 77 3b was upper face, upper lip, chin and lower lip, teeth, tongue, and teeth and tongue 78 again. Even today, however, very little is known about the projection of the teeth 79 sensory nerves, and the PDLMs, onto the human cerebral cortex. Owing to the 80 differences in masticatory behaviours used during feeding in different species of 81 monkeys and in humans we would predict different patterns of representation for the 82 teeth, reflecting the use-dependent density of innervation of PDLMs. The naked mole-83 rat, for example, has enlarged incisors that are used for digging, object manipulation, 84 and feeding, and Catania and Remple (2002) report an "extraordinary brain 85 organization" where nearly one-third (31%) of primary somatosensory cortex is 86 devoted to the representations of the upper and lower incisors. 87
Two fMRI studies have been carried out in humans to map the representation 88 of the teeth in the brain during dental tactile stimulation and these report contradictory 89 results. Ettlin et al (Ettlin et al. 2004 ) delivered non-painful stimulation to eight 90 maxillary and eight mandibular teeth and studied the response to a suprathreshold 91 vibratory stimulus, delivered using a compressed air piston to drive a stimulation rod 92 at a fundamental frequency of 80 Hz, and a maximum force of 4.0 N. The main 93 finding was that dentinal stimulation resulted in activation in the supplementary motor 94 area (SMA) and insular cortex. However, no significant activation was observed in 95 the primary or secondary somatosensory cortex. Miyamoto (Miyamoto et al. 2006 ) 96 investigated the fMRI response to the teeth as part of a study of the primary 97 somatosensory cortex (no other cortical areas were studied) in the human oral area. 98
The lip and tongue were also stimulated. A crude stimulus was used in which a 99 rubber tipped stick stimulated the tooth at a 1 Hz oscillating frequency. In contrast to 100
In addition, the results of the fMRI experiments have been used to assess the 126 homuncular nature of activation in SI, and the lateralisation (ipsilateral versus 127 contralateral) of the responses to mechanical tooth stimulation in sensory (SI and SII) 128 areas . This localisation and lateralisation was then compared with the response to 129 analogous mechanical stimulation of the digit tip, as found in our previous study 130 (Francis et al. 2000) , and the frequency response to tooth stimulation was also 131 compared to that of finger tip stimulation. In previous work in humans (Sleigh et al. 132 2001), a significant increase in activity in SII and the posterior insular, and a decrease 133 in activity in SI, was found to occur as the frequency of a vibrotactile stimulus applied 134 to the digit tip was increased, corroborating the findings of Tommerdahl et al. (1999) . 135
These authors, using near-infrared optical intrinsic signal (OIS) imaging, found that 136 25 Hz flutter stimuli applied to various sites on the squirrel monkey limbs consistently 137 evoked a pattern of increased optical absorbance (neural activation) in SI which was 138 Ten healthy, right handed male volunteers (aged 18 -40) participated in the 158 study. Subjects gave full written consent and experiments were approved by the local 159 ethics committee. All subjects were in 'good dental health': teeth were free of dental 160 restorations and the subjects had healthy periodontal tissue and no dental or orofacial 161 pain. In addition, no subject had undergone orthodontic treatment, exhibited incisal 162 crowding, or history of orofacial neuromuscular dysfunction. A small piece of Plexiglas was mounted above the probe in order to prevent contact 174 between the upper lip and the stimulator. To ensure stimuli delivered to the tooth were 175 appropriately damped, the probe was covered with a rubber-covered plastic tip. 176
The mechanical stimulus was driven with a sinusoidal waveform produced by 177 a precision waveform generator (ICL-8038CCPD Harris Semiconductor Corp.). The 178 frequency and amplitude of the stimulus was controlled using LabVIEW, and 179 digitised displacement signals detected in terms of force. The piezoelectric element 180 was connected to the waveform generator by approximately 15 m of electrically 181 isolated cable to guarantee that no RF artefacts were introduced into data acquired 182 during the fMRI studies. Further, to ensure synchrony was maintained between image 183 acquisition and stimulus delivery, LabVIEW was triggered from the MR scanner 184 during fMRI studies. 185
Stimulation Procedures 186
This study was performed on the first upper left incisor of each subject. Before 187 both psychophysical and fMRI studies, accurate fixation of the stimulator probe was 188 verified by subjects confirming that they experienced the stimulus solely in the left 189 incisor, and that no vibration was felt in the lip or surrounding gum. 190
The mechanical stimulus was delivered at 20, 50 and 100 Hz. The 20 Hz 191 stimulation was chosen based on the hypothesis that this frequency would 192 preferentially drive the periodontal SAII mechanoreceptors whose "ideal" frequency 193 range is < 32 Hz. 194 To verify that the tactile afferents in the upper lip, that were in close proximity 195 to the stimulator casing (see Figure 1 ), did not respond to the vibrotactile stimulus a 196 control experiment was performed in three of the subjects scanned above. Local 197 anaesthesia was injected into the upper lip, and the 20 Hz mechanical stimulation was 198 applied to the left incisor using an identical protocol to that described above. The During the fMRI study, suprathreshold mechanical stimuli were applied to the 245 left hand upper incisor at 10 dB above each subjects' individual detection threshold 246 for each frequency (20, 50 and 100 Hz). At no frequency did any subject report any 247 sensation of pain. 248
The stimulus was presented for a 9 s 'ON' period during which the subject 249 was instructed to attend to the stimulus, followed by a 27 s rest 'OFF' period, during 250 which the probe remained in contact with the tooth, but did not vibrate. This ON/OFF 251 procedure was repeated for a total of 30 cycles, ten cycles at each stimulation 252 frequency were presented in a random order. Hz. The detection threshold level at 20 Hz was significantly higher than that at either 292 50 or 100 Hz (p = 0.03, 20 Hz vs. 50 Hz; p = 0.05, 20 Hz vs. 100 Hz (two tailed t-test 293 with equal variance). No significant difference was found between the 50 and 100 Hz 294 detection threshold levels. Stimuli used in the fMRI study were applied at 10 dB 295 above the detection threshold levels to equate the stimuli for subjective intensity 296 (energy). Section). Figure 4 shows the mean T-scores for anatomically defined spherical VOI's 327 within ipsilateral and contralateral SI and SII. Contralateral and ipsilateral SI regions 328 showed a trend for a decrease in mean T-score with increasing stimulus frequency 329 (Paired t-test of individual data: 20 vs 100 Hz: contralateral SI p = 0.05; ipsilateral SI , 330 p = 0.05). A similar trend was observed in contralateral SII (Paired t-test of 331 maximum t-score between 20 and 100 Hz, p = 0.02). No significant difference 332 between 20 and 100 Hz was observed in ipsilateral SII. 333
Significant bilateral activation of the inferior parietal lobe and borders of the 334 intraparietal sulcus was also found. Group results showed an increase in maximum T-335 score (comparison of 20 and 100 Hz maximum t-score: p = 0.06), and cluster size in 336 the intra-parietal cortex at high flutter frequency (100 vs. 20 Hz, p = 0.002; 100 vs. 50 337 Hz, p = 0.001). Inferior and medial frontal cortex responses were greatest in the 338 ipsilateral cortex (Figure 3) , with strongest responses at 100 Hz, this being 339 significantly greater than that at either 20 Hz or 50 Hz (Ipsilateral area 45/9, 100 vs. 340 20 Hz: p =0.004, 100 vs. 50 Hz p = 0.001). 341 
Brain activation to 20 Hz tooth vibration 354
The 20 Hz tooth vibration in the present study was considered selectively and 355 strongly to activate the PDLMs innervating the first upper left incisor. However, it 356 cannot be excluded that PDLMs at neighbouring teeth were also activated (Trulsson 357 1993) . However to limit this, care was taken to position the probe on the tooth with a with increasing frequencies (40 -315 Hz) for stimulation of the upper and lower 403 incisors. Differences between these studies may be explained by methodological 404 factors such as the contact force between the stimulus probe and the tooth and use of 405 different psychophysical methods. In the present study, care was taken to position the 406 probe with a very light contact to the tooth so as to not to saturate the static and 407 dynamic responses in the periodontal afferents (Trulsson and Johansson 1996) . The 408 amplitude of the applied stimulus was 10 dB higher than individuals' detection 409 threshold for each frequency resulting in the applied force being significantly greater 410 for 20 Hz stimulation compared to 50 or 100 Hz. This increased force of stimulus, as 411 well as a change in frequency, may account for some differences in the activation 412 pattern at 20 Hz. However, despite there being no significant difference in detection 413 threshold between 50 and 100 Hz stimuli, changes between these two stimulation 414 frequencies were nonetheless seen in sensory, parietal, and frontal regions, and so 415 such changes can therefore be attributed solely to the frequency effects. Also, it 416 should be noted that all forces applied in this study were approximately 20-fold less In this study on the upper incisor, SII shows a trend for a reduction in activity 433 with increasing frequency, in a similar manner to SI, whilst the parietal and insular 434 cortices show a trend for increased response with frequency and significant activation 435 is found in the posterior insular at all frequencies, similar to that reported for the 436 finger tip. 437
The explanation for the different activation patterns for SI and SII during tooth and 438 fingertip stimulation at higher frequencies might be that different types of 439 mechanoreceptors are activated in the two situations. For example, fast adapting (FA I 440 and FA II) mechanoreceptors (Meissner and Pacinian corpuscles) in the skin of the 441 digit are highly sensitive to vibrotactile stimulation, particularly the FA II's, which are 442 lacking in the oro-facial area (Trulsson and Johansson 2002) . Secondly, 443 somatosensory information from the two body sites (fingertips and teeth) may be 444 processed differently in SII, the increasing activations at higher frequencies for digit 445 stimulation representing the more complex form and shape discriminations carried out 446 in SII. Further, high frequency stimulation may lead to the more diffuse lower 447 intensity pattern of cortical activity observed in parietal and insular cortices as a result 448 of the recruitment of more remote mechanoreceptors. 449
Central processing of periodontal afferent information 450
The results of our study indicate significant projections of the periodontal afferents to 451 sensory and motor areas in the brain, and similar results have been reported for many 
